INTRODUCTION
Gemini surfactants 1, 2 , which consist of two surfactants covalently attached by a spacer group close to the two headgroups, have been generating increasing interest because of their tunable molecular geometry, the unique interfacial properties of their aqueous solutions 2, 3 , their unusual physicochemical properties, including vesicle formation 4 7 . The effects of structural factors, such as the length of the hydrophobic chains, the headgroups, the spacers, and the counterions, on the surface properties of aqueous solutions structure-performance relationship have been the main focus of investigation. Because of the importance of adsorption of gemini surfactants at air-water interfaces, several studies have been published on monolayers of cationic gemini surfactants at such interfaces 8 10 .
In the case of anionic gemini surfactants, Masuyama et al. have reported representative studies on the pressure-area π-A isotherms of a series of double-chain amphiphiles 11, 12 , and of triple-chain amphiphiles 13 bearing hydroxyl groups; they reported the following features: as the length of the hydrophobic chain increases, and the length of the connecting part is shortened, a more tightly packed monolayer and subphase temperature T sub on the properties of the monolayers formed on the water surface. In addition, the melting temperatures T m of their monolayers on the water surface were investigated from the T sub dependences of their moduli.
EXPERIMENTAL

Materials and instruments
All reagents and solvents were purchased from Wako Pure Chemical Industries, Osaka, Japan. THF and DMF were dried over Na/benzophenone and CaH 2 , respectively, and distilled just before use. Other reagents were used as received. Water was prepared by ultrafi ltration of distilled water using an Advantec RFU354BA pure water system Advantec, Tokyo, Japan . Infrared IR spectra were recorded on a Nicolet Avator 370 DTGS FT-IR spectrometer Thermo Nicolet, Madison WI, USA , and 1 H-NMR spectra were recorded on a Bruker AC-300 spectrometer Bruker, Billerica, MA, USA , using CDCl 3 as solvent unless stated otherwise. Mass spectra were recorded on a JEOL Mstation JMS-700 mass spectrometer JEOL, Tokyo, Japan .
Synthesis of ester-type tartaric geminis 2.2.1 Dibenzyl L-tartrate 1
A mixture of L-tartaric acid 50 g, 0.3 mol , benzyl alcohol 150 g, 1.5 mol , anhydrous p-toluenesulfonic acid 0.86 g, 0.005 mol , and toluene 200 mL was heated at boiling point, using a water separator, until no further water passed over. After the removal of toluene and benzyl alcohol under reduced pressure, the reaction residue was subjected to recrystallization from hexane to afford dibenzyl tartrate 1 73.1 g, yield 73 . A typical synthesis of dibenzyl L-O,O -bisalkanoyl tartrate 2 is as follows. Hexanoyl chloride 0.89 g, 6.6 mmol was added dropwise to a solution of 1 1.00 g, 3 mmol and 4-dimethylaminopyridine DMAP, 0.79 g , 6.5 mmol in 1,2-dichloroethane 15 mL with cooling by an ice bath. After stirring for 30 min, the mixture was heated to reflux with stirring for 3 h. The reaction mixture was washed with 1 M HCl 5 mL , water, dried over MgSO 4 , and concentrated under reduced pressure. The residue was subjected to column chromatography on silica, eluted with hexane- In all the isotherm measurements, the surface pressure, π, was recorded using the Wilhelmy plate technique. A piece of completely wetted filter paper was used as the Wilhelmy plate. In this work, the subphase temperature, T sub , indicates the temperature at the water surface measured using a surface non-contact thermometer IT-504E, AzOne . The T sub was varied over the temperature range 7.3-46.1 , with an accuracy of 2 , by circulating temperature-controlled water through the aluminum base of the trough, and maintained. The compression rate used in the isotherm studies was 6 cm 2 min 1 , which corresponds to 0.05 nm 2 min 1 monomer 1 .
Monolayer static elasticity
The static elasticity, ε s , of the monolayer on the water surface was evaluated from the π-A isotherm using the following equation 16, 17 .
ε s A dπ dA T The maximum value of ε s , ε s max , corresponds to the collapsing point.
RESULTS AND DISCUSSION
Synthesis of L-O,O -bisalkanoyl tartaric acids
geminis Several methods are available for the synthesis of gemini surfactants, depending on the starting block materials used to introduce hydrophilic, hydrophobic, and spacer groups. In this work, L-tartaric acid was used as a starting block because it contains two COOH hydrophilic groups, a spacer, and two OH groups to which hydrophobic alkyl or alkanoyl groups can be introduced. As shown in Scheme 1, dibenzyl L-tartrate was prepared to enhance the solubility in organic solvents and to achieve the esterifi cation of the two OH groups in a homogeneous system. The resulting tetraesters 2 were treated with a Pd OH 2 -H 2 system to yield L-O,O -bisalkanoyl tartaric acids 3a-k ; these are listed in Table 1 along with their abbreviations. In this Scheme 1 study, the alkanoyl group R C O was regarded as a hydrophobic group.
Effect of subphase on the -A isotherms
The π-A isotherms of 2C 15 were measured at 25.2 using ultrapure water and aqueous 0.01 M HCl pH 2.0 as the subphase. As shown in Fig. 1 , there was a slight but sufficient difference in the lift-off area and the surface pressure at phase-transition between the two π-A isotherms; this could be explained by the difference between the degree of COOH dissociation at the different subphase pH values, pH 5.7 and 2.0 for ultrapure water and aqueous 0.01 M HCl, respectively. This is supported by the results of backtitration of the disodium salt of 2C 8 by aqueous HCl, which gives two neutralization points at pH 8.1 and 4.6. In addition, according to the literature 14 , myristic acid C 13 H 27 COOH can form a monolayer on aqueous 0.01 M HCl, but not on pure water. In this work, therefore, aqueous 0.01 M HCl was used as the subphase, to suppress dissociation of the COOH groups of 3.
Effect of alkanoyl chain length on the -A isotherms.
The π-A isotherms of these amphiphiles were recorded using a computer-controlled film-balance system at constant temperature see Section 2 . Figure 2 shows the π-A isotherms at 25.2 for the homologs of compounds 2C n n m 1: C m H 2m 1 C O; m 9, 11, 12, 13, 14, 15, 16, 17, and 19 . Unfortunately, 2C 6 and 2C 8 did not afford π-A isotherms at this temperature, probably because they are soluble in water as a result of their short alkanoyl chain length. In the case of 2C 10 , a strange π-A isotherm was obtained. On compression, the curve lifted off from the base line at A 1.10 nm 2 , but at A 0.8 nm 2 , the surface pressure π stopped increasing and gave a plateau over a wide compression range. This may be because of the solubility of 2C 10 in water, so a stable monolayer could not be formed. As mentioned above, myristic acid C 13 H 27 COOH can form a monolayer on aqueous 0.01 M HCl, and palmitic and stearic acids can form monolayers even on pure water. If 2C 12 is regarded as two acid molecules C 11 H 25 -COO-CH 2 -COOH , the hydrophobic tail consists of 13 carbon atoms and one oxygen atom. Formation of a stable monolayer on aqueous 0.01 M HCl would therefore be expected for tartaric geminis with alkanoyl chains longer than C 11 H 25 -C O. As expected, in the case of 2C 12 and 2C 13 , only the liquid-expanded state of the monolayer fi lm was observed, and the liquid-expanded monolayer of 2C 13 collapsed on compression. In the case of 2C 14 -2C 20 , liquid-condensed and solid phases were observed in the isotherm. In particular, 2C 14 -2C 16 showed a phase-transition of the monolayer from the liquid-expanded to the liquid-condensed state upon compression. Three parameters, namely the lift-off area A L , the molecular occupation area value on the isotherm where a monolayer shows detectable resistance to compression ; the limiting area A , a parameter approximating the area occupied by a molecule on the surface at zero pressure ; and the maximum pressure of the isotherm π M , which would be expected to be very close to the collapse pressure π C , where monolayers transfer to 3D states on compression, were determined for 2C 13 -2C 20 at 25.2 from Fig.  2 , and are summarized in Table 1 . In the case of 2C 14 -2C 20 , a solid phase was observed in the isotherms, so the A values were conventionally determined by extrapolation of the steepest portion of the π-A curve to π 0 mN m 1 . In the case of 2C 13 , only a liquid-expanded state of the monolayer fi lm existed at 25.2 , so the extrapolated area of the steepest portion of the π-A curve was used to describe A in Table 1 . The values of A and π M for 2C 13 obtained at 12.3 , where the solid phase was formed, are listed together in Table 1 .
The lift-off areas of these homologs decreased with increasing length of the alkanoyl chains; this may be explained by the strength of hydrophobic interaction between two alkanoyl groups on a molecule, i.e., the shorter the chain length, the less parallel will be the alignment of two alkanoyl groups on the water surface in the 2D gaseous state. Similarly, the A values, except in the case of 2C 13 , decreased with increasing length of the alkanoyl chains and seemed to converge at 0.40 nm 2 molecule 1 , which is twice the value of A for long-chain fatty acids A 0.20 nm 2 molecule 1 15 . The maximum pressures π M for 2C 14 -2C 20 were all around 55 mN m 1 . It should be noted that 2C 13 formed a solid phase on compression at 12.3 , and the values of A and π M were nearly the same as those of 2C 14 -2C 20 . These results clearly indicate that a more tightly packed monolayer is formed as the alkanoyl chain length of the double-chain amphiphile increases; this is mainly attributed to stronger hydrophobic interactions between the two alkanoyl groups in the molecule.
Effect of temperature on the -A isotherms
As described in the previous section, 2C 13 was found to form a solid phase on compression at 12.3 . The effect of the temperature T sub on the π-A isotherms was therefore investigated by measuring the π-A isotherms at various temperatures T sub 7.3 46. 1 . Figure 3 shows the π-A isotherms for a 2C n n 13 17 series at various temperatures. In general, for each compound, the transition region narrowed and the liquid-expanded-phase region widened with increasing subphase temperature.
As shown in Fig. 3 , when T sub decreased to below 20 , 2C 13 clearly showed transition of the liquid phase to the solid phase at around A 0.35 nm 2 . In the case of 2C 14 , both the transition region and the liquid phase were clearly observed below 35 . Although the liquid-condensed and solid phases of the 2C 14 monolayer were observed even at 37.6 , it collapsed with the liquid-expanded phase at 46.1 . For 2C 15 -2C 17 , the transition region and the liquidcondensed phase were observed even at 46.1 .
3.5
Melting temperature of monolayer on the water surface In general, the melting point is defi ned as the temperature at which a substance changes its state from solid to liquid under standard atmospheric pressure. When considering the effect of temperature on monolayer behavior, Kajiyama et al. expanded the concept of melting point to monolayers, and for fatty acids proposed the melting temperature of a monolayer T m spread on a water surface 15 .
Similarly, we have defined the melting temperature of monolayers of gemini molecules as the lowest temperature down to which only a liquid-expanded monolayer would be formed on compression. For example, as is easily deduced from Figs. 3 a and 3 b , the T m values of 2C 13 and 2C 14 would exist between 20.7 and 25.2 , and between 38 and 46 , respectively, but their exact T m values cannot be determined from Fig. 3 . In contrast, in the cases of 2C 15 , 2C 16 , and 2C 17 , complete π-A isotherms without any solid phase were not observed, even at the elevated temperature of T sub 46.1 . Kajiyama also determined the T m values of fatty acid monolayers on water surfaces from the temperature dependence of the monolayer moduli based on π-A isotherms 15 ε s 18 . Therefore, we also studied the temperature dependence of monolayer elasticity using π-A isotherms of 2C n n 13 17 . Figure 4 shows the plots of ε s vs. A for 2C 13 at 20.7 and 25.2 , the temperatures corresponding to the monolayers below and above T m , respectively, together with their π-A isotherms.
As can be seen in Fig. 4 , there was a remarkable difference between the two ε s -A relationships. In the case of T sub Comparison of these two monolayer behavior suggests that the latter increase in ε s corresponds to a liquid-phase to solid-phase transition on compression, and at A 0.29 nm 2 the solid monolayer would begin to collapse to the 3D state. The value of the second maximum, ε s max , which was referred to as K s max in Kajiyama s work 15 , would depend on the rigidity of the solid phase and also on T sub . Indeed, for T sub 25.2 , there were no maxima around 0.3 0.4 nm 2 , but in every case of T sub 20.7 , the second maximum was clearly observed and the value of ε s max increased with decreasing T sub . It would therefore be expected that the value of ε s max would decrease to 0 mN m 1 at T sub T m .
In Fig. 5 a , the values of ε s max for a 2C 13 monolayer are plotted against T sub . As expected, there is a linear relationship between ε s max and T sub , and by extrapolating the line to ε s max 0, T m of the 2C 13 monolayer was estimated to be 25.7 , which is in good agreement with the result obtained from the π-A isotherm. Linear relationships between ε s max and T sub for other 2C n monolayers n 14 17 were also found, as exemplifi ed for 2C 14 in Fig. 5 b , and by extrapolating the line to ε s max 0, the T m values of the 2C n monolayers were calculated to be 38.7 , 50.8 , 55.9 , and 66.6 for n 14, 15, 16, and 17, respectively. Note that T m can be estimated from ε s max vs. T sub plots even when a liquid-phase monolayer alone is not observed in the measured temperature range.
3.6 Effect of hydrophobic chain length on melting temperatures of tartaric geminis and fatty acids 3D solids and 2D monolayers Melting temperatures refl ect the thermal energy needed to convert the highly ordered array of molecules in a crystal to the randomness of a liquid; melting temperatures also refl ect the attractive forces that exist between molecules. The effects of alkyl chain length on the melting temperatures of tartaric geminis, compared with those of fatty acids, were therefore studied in the expectation of obtaining some information on the interactions between hydrophobic alkyl groups in gemini surfactants. Figure 6 shows the plots of the T m values of 3D solid and 2D monolayer tartaric geminis against the carbon numbers of the hydrophobic alkanoyl chains n , together with the plots for fatty acid monolayers taken from Kajiyama s data 15 . As shown, there were clear linear relationships between T m and n for both 3D solids and 2D monolayers, i.e., the longer the alkyl chain length, the higher the melting temperature.
In tartaric geminis, there are two modes of van der Waals interaction between hydrophobic alkyl groups exist: intermolecular Int inter and intramolecular Int intra interactions; however, only Int inter operates in fatty acids. To explain the superiority of the properties of gemini surfactants to those of conventional 1 1 surfactants, we assumed that molecules would be arranged more effectively by Int intra than by Int inter . However, as can be seen in Fig. 6 , the slopes of the lines ΔT/Δn for a 2D monolayer tartaric gemini and for a fatty acid were 10.0 and 9.7 /carbon number , respectively, i.e., the slopes were almost the same. From the result that the A values for 2C 13 -2C 20 0.40 nm  2 molecule   1 were twice those of long-chain fatty acids, it can reasonably be assumed that in the 2D monolayer solid-state the intramolecular distance between two alkyl groups in a tartaric gemini would be the same as the intermolecular distance between adjacent molecules. At present, we conclude that the strength of Int intra in a tartaric gemini monolayer would not differ much from that of Int intra in fatty acids and geminis.
Fig. 5
Relationship between ε s (max) and T sub : a) 2C 13 and b) 2C 14 .
Fig. 6
Variation of melting temperatures with alkanoyl chain length: tartaric gemini in a monolayer state; ○ tartaric gemini in a 3D solid state; fatty acid in a monolayer state 15) ; and fatty acid in a 3D solid state 15) .
CONCLUSION
In this work, the pressure-area π-A isotherms of estertype tartaric gemini amphiphiles bearing two carboxyl groups and two hydrophobic alkanoyl groups were investigated. With respect to the effect of the length of the hydrophobic alkanoyl chains, it was found that a more tightly packed monolayer was formed at the air-water interface with increasing hydrophobic alkyl chain length. The effect of the subphase temperature T sub on the π-A isotherms was also examined, especially with respect to the melting temperatures of monolayers T m . Based on the T sub dependence of the monolayer static elasticity, ε s , clear relationships between T m and hydrophobic alkanoyl carbon number n were observed for 2D monolayers of tartaric geminis on water surfaces. It should be noted that the slope of the relationship ΔT/Δn could be a measure of the interaction between hydrophobic alkyl groups. A more detailed study is now being undertaken, and will be reported elsewhere.
